Summary. The evaporation behaviour of polonium and its lighter homologues selenium and tellurium dissolved in liquid Pb-Bi-eutecticum (LBE) has been studied at various temperatures in the range from 482 K up to 1330 K under Ar/H 2 and Ar/H 2 O-atmospheres using γ -ray spectroscopy. Polonium release in the temperature range of interest for technical applications is slow. Within short term (1 h) experiments measurable amounts of polonium are evaporated only at temperatures above 973 K. Long term experiments reveal that a slow evaporation of polonium occurs at temperatures around 873 K resulting in a fractional polonium loss of the melt around 1% per day. Evaporation rates of selenium and tellurium are smaller than those of polonium. The presence of H 2 O does not enhance the evaporation within the error limits of our experiments. The thermodynamics and possible reaction pathways involved in polonium release from LBE are discussed.
Introduction
Liquid lead-bismuth eutecticum (LBE) is proposed to be used as target material in spallation neutron sources [1] as well as in accelerator driven systems (ADS) for the transmutation of long-lived nuclear waste [2] . In these systems polonium is formed as a product of ( p, xn) and (n, γ )-reactions according to the following processes: 209 Bi 
Within 1 year of operation employing a proton beam current of 1 mA around 2 g of polonium are produced in this manner [3] . Because of the high radiotoxicity of polonium its behaviour is of utmost importance with respect to the safe operation and post-irradiation handling of the target systems and materials as well as for an assessment of the potential risk of accident scenarios.
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While the rates of evaporation and transport are of interest for an evaluation of the risk of contamination and incorporation in case of an accident, the development of suitable techniques for the fixation of polonium requires a fundamental knowledge of the chemical mechanisms of the release process.
Previous thermal evaporation studies on polonium from molten Bi and Pb-Bi-eutecticum dealt with the preparation of polonium by neutron irradiation of bismuth and subsequent separation by distillation [4, 5] and hazards related to the technical use of LBE in nuclear devices [6] [7] [8] . The thermodynamics of polonium release from molten LBE at temperatures between 673 and 823 K is investigated in [9] . Additionally, calculations of the polonium release rate based on a Langmuir-type formalism are reported [10] [11] [12] [13] .
The chemical mechanism of the release of volatiles can be influenced by the composition of the vapour phase. Hydrogen will be formed by spallation reactions in the operating target. Therefore, a certain amount of H 2 O will be present in the system, where the vapour pressure of H 2 O depends on the oxide content of the liquid alloy. In case of an accident, the alloy can be exposed to air.
In this work we study the thermal release of polonium and its lighter homologues selenium and tellurium from LBE in an inert gas/hydrogen atmosphere. Some additional experiments employing an inert gas/water atmosphere were also conducted. [14] . The condensation of non-volatile isobars in the transfer line assures beams of high isotopic purity ( 99.9%). About 38% [15] Po were cut in pieces and afterwards melted and heated at 673 K for 1 hour together with additional LBE reduced under a hydrogen atmosphere to achieve homogeneous distribution of radionuclides as well as suitable sample sizes and activities suitable for measurement by γ -ray spectroscopy. No additional carrier was added.
Experimental
For the long-term release studies LBE containing 205 Bi produced by neutron activation was used for diluting the samples in the same manner as described above. 205 Bi was used as an internal standard for the evaluation of γ -ray spectra to correct for changes in sample shape frequently occurring on melting. For short-term experiments 206 Bi produced by decay of 206 Po was used as standard. for each temperature setting) were performed using the experimental setup illustrated in Fig. 1 . Before the experiment, the samples were scratched to remove the surface oxide layer. The samples were then placed on a quartz tissue within a quartz boat, which was placed in a quartz tube. This tube was flushed with an Ar/7%-H 2 mixture (purity: H 2 > 99.993%, Ar > 99.998%), which was previously run through a column containing a Pd-contact to facilitate the establishment of O 2 /H 2 /H 2 O equilibrium and Sicapent (with indicator, Merck, Germany) for removing moisture. A partial pressure of water of 3.7 ± 1.7 hPa was determined using a Zr/Y 2 O 3 -solid electrolyte cell.
Some additional experiments were performed in a water saturated Ar atmosphere. For this, Ar (purity > 99.998%) was bubbled though a washing bottle containing water at room temperature and the drying column was removed.
All experiments were performed using a continuous gas flow of 60 ml/min adjusted by a mass flow controller. The apparatus was flushed for approximately 20 min after the insertion of the sample to remove air contamination.
The tube was resistance-heated to the desired temperatures. Temperatures were measured and controlled using thermocouples and a thyristor controller. Two charcoal filters were placed at the end of the tube to prevent volatile radioactive species reaching the exhaust.
γ -ray spectroscopic measurements were performed using an HPGe-detector.
Short-term experiments: A γ -ray spectrum of the sample was recorded before each heating experiment. The sample was then placed into the evaporation apparatus, which was flushed with the appropriate gas mixture. After approximately 20 min, the apparatus was heated to the desired temperature within 10 min and kept at this temperature for 50 min. Subsequently, the sample was cooled to room temperature within 10 min using a fan. A γ -ray spectrum was recorded after the experiment (typical measuring time: 1 hour). The fractional release of the chalcogens was calculated comparing the integrated peak areas of the following characteristic γ -rays of the respective nuclides ( 206 Po, has been used as an internal standard to correct for geometry and self-absorption changes that may occur between the measurements before and after heating due to the melting process. For this purpose, the peak area ratios before and after heating for characteristic γ -rays of the internal standard lying energetically close to characteristic γ -rays of the investigated volatile nuclides were determined and the signals of the volatiles were corrected accordingly. No measurable evaporation of Bi was detected at temperatures below 1280 K. For the three samples heated at temperatures higher than 1280 K a small loss of Bi was observed giving rise to a small underestimation (about 1%) of the respective release values for the chalcogens.
Long-term experiments: In principle, the same experimental set-up was used as in the short-term experiments. However, the samples were kept in the apparatus for periods from 10 days up to several weeks with intermittent coolingmeasuring-heating-up-cycles as described above. For the evaluation of these measurements a decay correction was applied to the integrated peak areas of the γ -ray signals of both volatile species and internal standard. 206 Bi could not be used as an internal standard because it is permanently produced by decay of 206 Po. Therefore, 205 Bi-containing LBE was used to dilute the samples and this isotope was used as standard.
Results and discussion
The results of the short-term evaporation experiments are shown in Fig. 2-4 . A comparison of the release behaviour of selenium, tellurium and polonium from LBE (1 h experiments) in an Ar/7%-H 2 atmosphere at temperatures between 482 and 1330 K is shown in Fig. 2 . Measurable amounts of the chalcogens are released at temperatures starting from 973 K. The volatility increases in the order Se < Te < Po. Accordingly, the temperatures at which 50% of the total amount of chalcogen is released decrease from 1300 K (Se) to 1270 (Te) and 1200 K (Po). In the temperature range of interest for technical applications like liquid metal spallation targets (473-723 K) no release has been observed within the experimental errors indicated as error bars in the figures. Fig. 3 shows a comparison of the release behaviour of polonium in Ar/7%-H 2 and water saturated Ar atmosphere. The presence of water does not lead to a pronounced increase of the volatility of polonium between 498 and 873 K. The sample investigated at 1108 K suffered from oxidation in the water-containing atmosphere and had reacted with water and the quartz tissue within an hour to form presumably a Pb/Bisilicate glass. However, these chemical reactions do not lead to a significant increase or decrease of the polonium evaporation rate. Fig. 4 shows a comparison of the fractional release of polonium from LBE samples of different sizes as a function of temperature. For both sample sizes a measurable release of polonium occurs only at temperatures above 973 K. How-ever, above this temperature the release of polonium from 0.14 g samples is about twice as fast as from 0.65 g samples. From an evaluation of the surface to volume ratios and the radius ratios of the two sample sizes no clear conclusion can be drawn with respect to a desorption-or diffusioncontrolled process. However, a detailed evaluation of the mechanism of the release process is beyond the scope of this work.
The results of our long-term experiments are presented in Figs. 5 and 6. Fig. 5 shows the fractional release of polonium from LBE measured in an Ar/7%-H 2 atmosphere at different temperatures as a function of time for periods up to 28 days. At 646 and 721 K, which are temperatures considered for the operation of liquid metal spallation targets using LBE as the target material, no release is observed within the limits of the experimental errors. At 867 K polonium evaporates slowly with an evaporation rate of the order of 1% per day. Even at temperatures as high as 968 K it takes about 12 days to remove 85% of the present polonium. Therefore, a large concentration of polonium in the cover-gas system of a LBE spallation target due to evaporation processes seems unlikely. However, for such a system the release of polonium by other processes like sputtering or the formation of aerosols and dusts has to be taken into account as well.
A comparison of tellurium and polonium release from LBE in an Ar/7%-H 2 atmosphere at 968 K is presented in Fig. 6 . As already indicated by the results of short-term experiments the evaporation of Te from LBE is significantly slower than Po-evaporation.
In general, the results of long-term experiments show that the mechanism of the evaporation process does not change over long periods of time, i.e. no change of the reaction path is indicated. For the time dependency an approximate linear relation to the square root of release time is observed (Fig. 7) as generally known for release processes.
To assign or exclude possible reaction pathways we evaluated some thermochemical properties of the main species that might be involved in such an evaporation process. The main gas phase species considered are monoatomic chalcogens Q, diatomic Q 2 molecules, dioxides QO 2 , hydrides H 2 Q, hydroxides Q(OH) 2 and the gaseous diatomic molecules PbQ and BiQ (Q = Se, Te, Po). From these species, the dioxides can be excluded because they will be reduced in the presence of hydrogen and metals such as lead. Equilibrium constants calculated from thermodynamic data [19] for reactions such as
and
indicate that the equilibrium is clearly dominated by the product side. This tendency is additionally increased by a stabilizing metal-chalcogen interaction ("coupled reduction") in solution [20] . Thermodynamic data for reactions of metal chalcogenides with hydrogen and water such as PbQ + H 2 Pb + H 2 Q ( 5 ) 
show that the formation of chalcogen hydrides is not favoured. Experimental investigations indicate that polonium hydride is thermally unstable. It is possibly formed only under the presence of nascent hydrogen [4] . A more comprehensive discussion of the behaviour of hydrogen containing species in LBE will be given in a following paper. Within this work we focus on monoatomic and diatomic chalcogens and diatomic lead and bismuth chalcogenides as gas phase species.
For the volatilisation process the following pathways have to be considered: 1) evaporation of the chalcogen Q from LBE in form of single atoms according to
Approximate values for the accompanying enthalpy of evaporation can be calculated by subtracting the partial molar enthalpy of solution of the chalcogen in the liquid metal ∆H solv Q in metal (l) from the difference of the standard enthalpy of the gaseous monoatomic chalcogen ∆HQ(g) and its enthalpy of melting ∆H m Q:
Temperature dependency has been neglected and the enthalpy of melting at the melting point has been used as an approximation for ∆H m Q. 2) evaporation as diatomic chalcogen molecules according to
In analogy to monoatomic evaporation the enthalpy for this process can be expressed as the difference between standard enthalpy of the gaseous diatomic chalcogen minus twice the melting enthalpy of the chalcogen and the enthalpy associated with the solution of two atoms of Q in the liquid metal, hence:
3) evaporation in form of diatomic metal chalcogenides MQ (M = Pb, Bi; Q = Se, Te, Po) The associated enthalpy can be calculated from the enthalpy values of the monoatomic species M and Q, their enthalpies of melting, the partial molar enthalpy of solution of the chalcogen Q in the liquid metal M and the dissociation enthalpy of the diatomic molecules MQ using the following equation:
We have calculated enthalpies of evaporation for these processes using available thermochemical data for ∆H Q(g), ∆H M(g), ∆H m Q, ∆H m M and ∆H Q 2 (g) from [19] (Se, Te) and [21] (Po). Values for ∆H solv Q in metal (l) have been calculated using Miedema's macroscopic atom model [22] . Details of the parameterisation of the model and the calculation procedure can be found in [20] . The values for ∆H Values for the dissociation enthalpies of diatomic molecules ∆H diss MQ(g) are estimated using a method described in [23] . The values for dissociation enthalpies of homonuclear diatomic molecules M 2 and Q 2 required for these calculations have been taken from [19, 21] .
The results of these calculations are compiled in Table 1 . From these values it can be concluded that evaporation of chalcogens from LBE in the form of lead chalcogenide molecules seems to be the least probable reaction path from a thermochemical point of view. For a discussion on the remaining possibilities we discuss the release process as three possible series of successive reactions as shown in Fig. 8 .
For each of these reaction sequences the rate of release and hence the observed sequence of release rates (experimentally: Se < Te < Po) will be determined by the reaction step involving the highest energy of activation. Thus, if the release process is diffusion controlled the sequence of release rates will be determined by the sequence of activation energies of diffusion. Nevertheless, the actual species released could still be either of the three possibilities Q, Q 2 or MQ. No literature data are available for diffusion of chalcogens in LBE. Therefore, we have to rely on estimations for evaluating the corresponding activation energies. The energy of activation for the process of self-diffusion in liquid lead is 18.6 kJ/mole [24] . For diffusion of lead and bismuth in LBE activation energies of 9.6 and 7.7 kJ/mole, respectively, have been estimated from molecular dynam- ics calculations [25] . Experimental values vary in the range from 11.6 to 40 kJ/mole [26] . For diffusion of selenium in liquid tin an activation energy of 13.4 kJ/mole has been determined [26] . Assuming similar or even somewhat larger values for chalcogen diffusion in LBE it still seems unlikely that diffusion is the rate determining step since activation energies for the evaporation step are expected to be in the order of magnitude of the enthalpies of evaporation compiled in Table 1 .
The enthalpy values for the evaporation of monoatomic chalcogens are in agreement with the experimentally observed sequence of evaporation rates. Assuming that the corresponding activation energy values are similar, this could be interpreted as a supporting fact for the release in the form of monoatomic chalcogens. However, if there is a high enough concentration of chalcogen in the liquid alloy to facilitate the formation of Q 2 molecules, the evaporation in form of Q 2 species should be favoured compared to the release as monoatomic chalcogens. This has to be mainly taken into account for selenium and tellurium. Chemical analysis of the LBE used in our experiments show that the concentration of these elements are below the detection limits (< 2 ppm, ICP-OES), but still these elements can be present as inactive impurities with much higher concentrations than those of the radioactive tracer determined by γ -ray spectroscopy. Polonium however is present in our samples in a carrier-free state. Therefore, the formation of Po 2 is very unlikely. Considering the approximate character of our calculations the evaporation in form of BiQ molecules is possible as well. In particular, relatively small values for the enthalpies of evaporation of BiQ have been calculated for Q = Se and Po. Thus, no certain decision can be made based on the results of our calculations. Finally, it is also possible that the release process for selenium, tellurium and polonium is not identical. Definitely, the evaporation in form of BiQ molecules is much more likely than evaporation as PbQ.
For further clarification of the reaction pathway, concentration dependent evaporation experiments should be performed to investigate Q/Q 2 -problem. For selenium and tellurium this can be achieved by the addition of inactive chalcogen as a carrier, which also reflects the operating conditions of a LBE spallation target, i.e. higher concentrations of spallation products.
Furthermore, larger scale experiments in a flow system with varying gas phase composition and with the addition of suitable representatives for spallation products would be useful to establish a deeper understanding of the processes occurring in such a target. The interaction of polonium with other spallation products such as electropositive metals will most likely lead to a decrease of its evaporation rate [20] .
Finally, a study of segregation effects of polonium in solid LBE is of interest with respect to the storage of a spallation target after decommissioning. Given the fact that LBE melts at 398 K relatively high diffusion rates can be expected within the target material after freezing and decommissioning. Results of calculations of approximate partial molar enthalpies of segregation of polonium in lead and bismuth [20] indicate that a segregation of chalcogens in solid lead and bismuth is not highly probable, but cannot be ruled out as well. Indeed, in our evaporation experiments we have observed small segregation effects for the selenium samples that manifested themselves in the count rates of the lowest energy γ -lines (as a consequence, these lines were excluded from release evaluations).
